Internal stresses in the fiber and matrix of a unidirectional (UD) composite obtained by any micromechanics model are homogenized quantities. They must be converted into true values before an effective specifically failure and strength property of the composite can be predicted in terms of the fiber and matrix properties only. As elastic property of a material does not depend on the magnitude of its stresses, the predictions of an elastic property of the composite based on the homogenized and true stresses of the constituents are the same, concealing the fact that the elastic property should be predicted based on the true stresses as well. The conversion of all of the internal stress components has been shown in this chapter. Predictability of a total number of 12 micromechanics models for the stiffness and strength of a UD composite is assessed against the experimental data of the 9 UD composites provided in three worldwide failure exercises (WWFEs). Bridging Model exhibits overall the best accuracy in both the stiffness and the strength predictions. Further, the smallest fiber volume in a RVE (representative volume element) for an FE (finite element) approach plays a much more dominant role than other issues such as a random fiber arrangement pattern to achieve the highest simulation accuracy. Finally, consistency of a micromechanics model in calculating the internal stresses of a composite is an issue that should be taken into account. Only Bridging Model is consistent. A non-consistency implies that a full three-dimensional (3D) model should be used to predict an effective property, e.g., failure behavior of a composite even though it is only subjected to a uniaxial load, and a 3D RVE geometry should be discretized if a numerical micromechanics approach is applied.
Introduction
Fiber-reinforced composites have been used as a primary-load carrying structural material in many engineering areas especially in aerospace industry. Due to their anisotropy, the mechanical properties of the composites are difficult or expensive to understand through experiments. Establishment of mathematical models to link the overall behaviors of the composites with their constituent structures and properties is an objective of micromechanics. As any continuous fiber-reinforced composite structure can be subdivided into a combination of a series of unit cells or RVEs [1] , which can be considered as UD composites in their local coordinate system, a micromechanics analysis of a UD composite is fundamental.
So far, numerous micromechanical models have been developed to predict elastic properties of the composites from those of the constituent fiber and matrix materials [2] [3] [4] . On the other hand, very few of them have been applied to estimate failure and strength behaviors of the composites only based on the original constituent data measured independently with a reasonable accuracy [5] . This is attributed to that the internal stresses in the fiber and matrix of a composite obtained by a micromechanics theory are homogeneous quantities. They must be converted into true values before an effective property of the composite is predicted in terms of the original consituent properties. An elastic property (modulus, stiffness, etc.) of a material does not depend on the magnitude of the stresses in it, as long as they do not exceed the elastic limit of the material. Hence, the predictions of an elastic property of the composite based on the homogenized and true stresses of the constituents are the same, concealing the fact that the composite elastic property should also be predcited based on the true stresses. The stress field of the fiber is uniform [6, 7] . Its homogenized and true stresses are the same. A true stress of the matrix is obtained by multiplying its homogeneous counterpart with a stress concentration factor (SCF) of the matrix in the composite. This is because a plate with a hole generates a stress concentration if subjected to an in-plane tension. When the hole is filled with a fiber of different proerties, a stress concentration occurs as well.
The most significant feature is that such an SCF cannot be defined, following a classical approach, as a maximum point-wise stress divided by the overall applied one. Otherwise, the resulting SCF would be infinite if there is an interface crack or debonding on a fiber and matrix interface, since at the crack tip, a matrix stress is singular. All of the SCFs of the matrix in a composite have been obtained [8] [9] [10] [11] and are summarized in this chapter.
Another objective of this chapter is to make a critical assessment for the predicability of 12 well-known micromechanical models for the stiffness and mainly failure and strength of a UD composite, based on the original fiber and matrix properties and the fiber volume fraction. By "original," it is meant that the properties are either measured independently using monolithic material, e.g., matrix specimens or documented in a recognized material database. The previous comparisons, e.g., Refs. [12] [13] [14] , were made essentially for the stiffness predictions by different models. Seldom have been found for the strength predictions. The models considered in this chapter are Eshelby's method [6, 15] , Bridging Model [16] , Mori-Tanaka method [17, 18] , rule of mixture method [19] , Chamis model [20] , modified rule of mixture method [19] , Halpin-Tsai formulae [21] , Hill-Hashin-Christensen-Lo model [22] , self-consistent method [15] , generalized self-consistent method [15, 23] , double inclusion method [4] , and finite element method (FEM) [24] with different fiber arrangement patterns in a unit cell or RVE. The measured stiffness and strength data of all of the nine independent UD composites adopted in three WWFEs [25] [26] [27] are used as benchmark to judge the prediction accuracy of each model. An accuracy ranking is made based on the overall correlation errors between the models' predictions and the experiments.
Numerical micromechanics such as FE approaches are popular in the current literature. What kind of fiber arrangement pattern should be chosen in a RVE? By definition, the RVE geometry, on which a homogenization is made, should be infinitesimal. In reality, however, a finite volume for a RVE has to be used. Thus, various choices exist. Many people [28] [29] [30] deemed that a random arrangement pattern with quite a number of fibers, e.g., 30 [31] , 40 [32] , or even 120 [33] , should be contained in the RVE. It is shown among the four different patterns considered in this chapter the one with the smallest fiber volume results in the highest prediction accuracy.
Finally, consistency in the internal stress calculation deserves an attention. Any micromechanics model can result in two sets of formulae, i.e., two-dimensional (2D) and three-dimensional (3D) formulae, for homogenized internal stresses in the fiber and matrix of a composite. When the composite is subjected to a planar load, either the 2D or the 3D formulae can be applied to calculate the internal stresses. If the stress components in the fiber and matrix by the 2D and the 3D formulae are exactly the same, the model is said to be consistent in the internal stress calculation. It is shown in the chapter that among the 12 theories considered, only Bridging Model is consistent. Thus, if any other models specifically the numerical micromechanics method is applied to determine the internal stresses, its full 3D formulae should be made in use, even though the composite is subjected to only a uniaxial load.
In short, the topics addressed in this chapter are important to the micromechanical analysis of an effective mechanical property of a composite. If one would like to estimate its failure and strength behavior under an arbitrary load condition only from its constituent information, the true stress theory as described in this chapter is inevitable.
Fundamental for internal stresses
A composite is heterogenous by nature. Any stress and strain should be defined upon averaged quantities with respect to its RVE of a volume V' through.
It must be realized that by definition V' should be infinitesimal, and a resulting stress or strain, with $ on head, represents a point-wise quantity. If V' is finite, the corresponding one is called a homogenized quantity. In Eqs. (1) and (2), V is a volume fraction with V f + V m = 1. A super-/subscript f or m refers to the fiber or matrix, whereas a quantity without any suffix is related to the composite. The other analytical models are summarized in Appendix A. However, numerical micromechanics methods are even more widely applied in the current literature [34] [35] [36] . Among, an FE approach is the most common. In this approach, the fiber and matrix in a RVE geometry are discretized, respectively, into a number of elements with prescribed boundary conditions. After the stresses (i.e., point-wise quantities) in the fiber and matrix of the RVE under any load are obtained through an FE package such as ABAQUS, they are homogenized as per Eq. (1) and the bridging tensor is determined following a method of Ref. [37] . The specification of the boundary conditions has become standard [36] . Thus, different solutions only come from different RVE geometries used.
In this chapter, four kinds of RVE geometries with the same boundary conditions are chosen for the comparison. They are square fiber array [38] (Figure 1a ), hexagonal array [36] (Figure 1b) , square-diagonal array [39] (Figure 1c) , and random array with 30 fibers involved [28, 31] (Figure 1d ). Our solutions are the same as those in Ref. [36] for Figure 1b , in Ref. [39] for Figure 1c , and in Ref. [31] for Figure 1d , respectively.
Assessment on stiffness prediction
Hinton et al. organized three WWFEs to judge efficiency of the current theories for composites [5] . A total number of nine independent material systems were used. Mechanical properties of the fibers and matrices as well as fiber volume fractions of the nine UD composites were provided [25] [26] [27] and cited in Table B .1 (see Appendix B). Measured effective properties of the composites from the exercise organizers [25] [26] [27] , which are used as a benchmark to assess the predictability of the 12 models, are listed in Table B .2. Predictions for the five effective elastic moduli of each of the 9 composites by the 12 models are made and are summarized in Table B .3. Relative error of each predicted result in comparison with the measured counterpart (Table B. 2) is calculated. The overall averaged errors by the 12 models are indicated in Table 1 , in which FE-square, FE-hexagonal, FE-square-diagonal, and FE-random stand for the FEM solutions based on Figure 1a -d, respectively.
It is seen from the table that Bridging Model exhibits overall the highest accuracy in the stiffness prediction, with an overall correlation error of 10.48%. The second smallest error, 13.06%, is achieved by the FE-square array. The FE approach with a random fiber array of 30 fibers results in a correlation error of 17.57%, which is 34.5% less accurate than the FE approach with the square fiber array. The other two fiber arrangement patterns, the hexagonal and the square-diagonal fiber arrays, make the correlation even poorer than the random fiber arrangement. Although the four kinds of fiber arrangement patterns considered in this work may be limited, compared to unlimited possibilities in fiber arrangements, the present study confirms that the minimum fiber volume in the RVE geometry for a composite is the most dominant factor to influence the simulation accuracy, as long as suitable boundary conditions have been equally specified. Table 1 also indicates that three analytical micromechanics models, Bridging Model, double inclusion method, and Chamis model, possess sufficient accuracy in modeling of composite stiffness.
The largest correlation error, 30.7%, is assumed by Eshelby's method. In addition to it, there are three other models attaining an averaged correlation error of more than 20% in the stiffness prediction. They are the FE-square diagonal fiber array, self-consistent method, and rule of mixture method.
SCFs of the matrix in a composite

Background
Let the E-glass/LY556 UD composite in (Table B. 2), where σ m u, t is the original tensile strength of the matrix, one obtains σ u, t 22 = 181 MPa, which is more than 5.2 times greater than 35 MPa, the measured counterpart of the composite (Table B. 2). A similar conclusion can be drawn no matter which other composite is considered or another micromechanics theory is employed. This implies that the homogenized internal stresses evaluated through Eqs. (3) and (4) must be converted into "true" values before a failure assessment can be made against the original strength data of the constituents. As point-wise strains in the fiber are uniform [6] , its homogenized and true stresses are the same. However, those in the matrix are not. Each of its true stresses is obtained by multiplying the homogenized counterpart with a factor, which is agreed to call an SCF of the matrix in the composite.
Definition
The most significant feature, as aforementioned, is that such an SCF is no longer obtainable from a classical approach. Thus, the new definition must be made on an averaged stress. But with respect to which kind of geometry the averaging should be performed? A classical SCF was obtained by a point-wise (something like zero-dimensional) stress divided by an overall applied one, which is in fact a 2D quantity averaged with respect to the boundary surface. By similarity, a present SCF must be defined as a line-averaged (one-dimensional) stress of the matrix divided by a volume-averaged(3D)onesincethreeisthemaximum attainable dimension in the denominator. An SCF of the matrix subjected to a transverse load is derived through [10] 
in whichσ m 22 is a point-wise stress of the matrix determined on a concentric cylinder assemblage (CCA) model along the loading direction; σ m 22 ÀÁ BM is given by Bridging Model, i.e., by Eq. 
Transverse SCFs
In such a load case, the explicit integration of Eq. (9) leads to [8] [9] [10] 
:
Under a transverse tension, the failure surface of the composite is perpendicular to the loading and hence φ =0 (Figure 2a ). When a transverse compression is applied, the failure surface of the composite has an inclined angle with the loading [31] . The inclined angle, φ = ϕ (Figure 2b) , between the outward normal to the failure surface and the loading, can be determined by virtue of Mohr's theory as [9] 
The transverse tensile, transverse compressive, and transverse shear SCFs of the matrix in the composite are given as [9] [10] [11] 
σ m u, t , σ m u, c , and σ m u, s are the original tensile, compressive, and shear strengths of the matrix, respectively.
SCF under longitudinal shear
A longitudinal shear SCF of the matrix is given by [11] 
SCFs under equally biaxial transverse loads
Eq. (9) designates a general rule to determine any SCF of the matrix in the composite. Under an equally biaxial transverse tension or compression (Figure 3) , a point-wise stress of the matrix in the x 2 -direction is obtained through a coordinate transformation:
where [41] σ m ρρ σ 0
Any biaxially transverse loads can be separated into superposition of an equally biaxial load and a uniaxial transverse tension either along
Micromechanical Failure Analysis of Unidirectional 
However, the failure surface orientation of a UD composite under an equally biaxial transverse tension or compression is indeterminate. For this reason, we can assume that the failure surface orientation under an equally biaxial transverse load is the same as that under a uniaxial transverse load. In other words, we have
SCFs subjected to any biaxial transverse loads
When the matrix is subjected to any biaxial transverse loads, we can always separate the loads into an equally biaxial transverse tension or compression plus a uniaxial transverse tension ( Figure 3 ). The SCFs of the matrix are then determined accordingly.
Longitudinal normal SCF
No SCF exists in such a load case, since the resulting stresses in the matrix are uniform [7, 41] 
,
, ( (19.2)
, & (19.3)
Uniaxial strength formulae
Bridging tensor elements of a micromechanics model for each of the nine UD composites can be calculated through Eq. (6), using the corresponding elastic moduli given in Table B.3 .
Under a uniaxial load, only the internal stress component of a constituent (fiber or matrix) along the loading direction is dominant. The other stress components, if any, are negligibly small. This can be realized from the explicit Eqs. (8.1)-(8.6). Accordingly, a longitudinal failure of the composite is controlled mostly by a fiber failure, whereas all of the other failures are resulted from matrix failures. We only need to determine the following relationships:
where λ i s are dependent on the bridging tensor and σ 0 11 , σ 0 22 , σ 0 23 , and σ 0 12 are external loads applied individually to the composite once at a time. For each of the 9 composites, the λ i s calculated by the 12 models are summarized in Table B .4.
In terms of the data in Table B .4, the longitudinal tensile and compressive, transverse tensile and compressive, transverse shear, and longitudinal shear strengths of a UD composite are estimated through.
where K t 22 , K c 22 , K 12 ,a n dK 23 are the transverse tensile, transverse compressive, longitudinal shear, and transverse shear SCFs of the matrix in the composite.
Prediction assessment
Using the constituent data of Table B .1, all of the SCFs of the matrices in the nine composites are calculated as per Eqs. (12) , (13) , and (16) . They are listed in Table 2 . All of the SCFs only depend on the constituent properties and fiber volume fraction of a composite, since a perfect interface bonding has been implicitly assumed. Table 2 shows that the transverse tensile SCF of the matrix is generally the biggest in a composite, whereas the transverse shear SCF is the second biggest or even bigger than all of the remaining SCFs in some composite. Further, the transverse tensile SCF can be greater than 3, implying that the classical SCF of a plate with a hole is not the upper limit for that of the matrix when the hole is filled with a fiber.
The predicted results are compared with the experimental measurements shown in Table B .2, and the averaged relative correlation errors for all of the 12 models are summarized in Table 3 . It shows that Bridging Model is still overall the most accurate, although the accuracy difference between Bridging Model and the other top three models is insignificant. Compared Table 3 with Table 1 , the ranking order of the top four theories for both the stiffness and strength predictions is essentially the same, with only a minor difference in the ranking order from stiffness and strength predictions by the FE-square and double inclusion method. The largest correlation error in the strength prediction is still assumed by Eshelby's method, which is 45.1%. Another model gaining a correlation error of more than 40% is rule of mixture method. All of the theories under consideration for the strength predictions can be classified into three classes, according to their accuracies attained. The first class exhibits the highest accuracy. It consists of four methods, which are Bridging Model, double inclusion method, the FE-square, and Chamis model, with a correlation error in between 21.1% and 25.4%. The second class is moderate in accuracy performance. Most of the models, i.e., the FErandom, Hill-Hashin-Christensen-Lo model, Halpin-Tsai formulae, generalized self-consistent method, Mori-Tanaka method, modified rule of mixture method, the FE-square diagonal, the FE-hexagonal and self-consistent method, are within this class. Their correlation errors vary from 27.4% to 32.7%. The third class possesses the lowest prediction accuracy, consisting of two models, i.e., rule of mixture method and Eshelby's method. Looking back at Table 1 , the classification of the three classes of the micromechanics models for the stiffness predictions is also valid.
If no SCFs of the matrix are taken into account, i.e., if K t 22 =K c 22 = K 12 = K 23 1 are assumed in Eq. (21), the overall correlation error by a model from the first or the second class is much greater. Consider, e.g., Bridging Model. Without the SCFs, the correlation error between the predicted and measured transverse tensile, transverse compressive, transverse shear, and longitudinal shear strengths of the 9 composites is 115.3%, 5.22 times greater than that when the SCFs are taken into account. It is noted that the longitudinal strength predictions have been excluded in this latter comparison. Hence, the most critical factor to influence the overall strength prediction is the SCFs of the matrix in the composite.
Additional comments 7.1 Consistency
Eqs. (1)-(6) are valid for both 2D and 3D stress states. Any micromechanics model can result in two sets of internal stress formulae, i.e., 2D and 3D formulae, respectively. Let the composite be subjected to a planar stress state {σ 0 11 , σ 0 22 , σ 0 12 }. The resulting internal stresses in the fiber and matrix by the 2D formulae are
represented as {σ ij for all i and j, the corresponding micromechanics model is said to be consistent in the internal stress calculation.
A necessary and sufficient condition for a micromechanics model to be consistent is that its bridging tensor is always in an upper triangular form. If, e.g., A 32 6 ¼0, we will get from Eqs. (3) and (4) that σ À1 . The bridging tensor of Bridging Model, by definition, is always upper triangular, even when a constituent, e.g., matrix undergoes a plastic deformation [16] . On the other hand, the bridging tensors of all of the other models for the nine composites are not upper triangular. Hence, all of the other models are not consistent. The non-consistency implies that the homogenized internal stresses should be calculated using the full 3D stress formulae, even though the composite is subjected to a uniaxial load. To apply an analytical model, other than Bridging Model, the 3D compliance tensors of the fiber, matrix, and the composite should be used in Eq. (6) to obtain the 3D bridging tensor. If a numerical method is applied to predict a composite property, a 3D rather than 2D RVE geometry should be discretized.
Accuracy estimation
It is known that the elasticity of UD composites is essentially matured. This means that the accuracy in both experimental measurement and micromechanics prediction for the elastic properties of a UD composite is likely not improvable significantly, unless a revolutionary change in the processing technology for a composite occurs. Considering the measurement deviations for the fiber, matrix, and composite properties as well as for the fiber volume fraction and in light of Table 1 , it can draw a conclusion that an overall correlation error of 10% would be the one attainable in the composite stiffness prediction if only the original constituent information is available. As more than double of the constituent data together with more other information are required in a strength prediction, a reasonable correlation error in this latter case that can be expected should be more than 10% and mostly up to 20%.
The individual correlation error for each of the uniaxial strengths of the nine UD composites by Bridging Model is calculated and is shown in Table 4 . Evidently, the predictions by the current theory for the longitudinal tensile, longitudinal shear, and transverse shear strengths of the composites are good enough, whereas those for the other three strength properties are either bad or not very satisfactory. Improvement in the prediction accuracy for the latter three uniaxial strengths is expected.
Improvement in strength prediction
From Table 4 , the largest correlation error comes from the prediction of a transverse tensile strength. This is attributed to a crack occurred in between the fiber and matrix interface. There must be some composites in which the fiber and matrix interfaces were already debonded before an ultimate failure under a transverse tensile load. Many researches in the literature have confirmed that an interface debonding has the greatest influence on the transverse tensile strength of a composite [42] [43] [44] . Therefore, a true stress component of the matrix corresponding to a transverse tension must take an interface debonding into account [11] .
The second largest error is in the prediction of a longitudinal compressive strength. Only a strength failure has been considered in this work for a composite subjected to a longitudinal compression. Existing evidences show that a longitudinal compressive failure is frequently caused by a kink-band or microbuckling [45] [46] [47] , due to an initial fiber misalignment. A micromechanics approach for a kink-band failure only using the original fiber and matrix properties together with the initial fiber misalignment angle has been achieved very recently [48] . However, a fiber misalignment angle is in most cases an in situ parameter and is difficult to be accurately measured. A more suitable way is to retrieve it from a measured longitudinal compressive strength parameter of the composite. On the other hand, this parameter can also be used to adjust the fiber compressive strength to improve the correlation accuracy. The third correlation error, which is greater than 20%, occurs in the prediction for the transverse compressive strengths of the composites. Most probably, this errorisattributedmainlytoaninaccurate measurement/determination of a matrix compressive strength. It is known that among the three uniaxial strength parameters of a matrix especially a ductile polymer or metal matrix material, the compressive strength is the most difficult to be measured. Sometimes, one even cannot obtain a fracture load when a cylinder sample is compressively tested. Further study is needed to determine a matrix compressive strength.
An interesting phenomenon behind Table 4 is that either longitudinal or transverse shear strength can be sufficiently well predicted based on a perfect interface bonding assumption. Undoubtedly, an interface debonding may occur when the composite is subjected to a shear load. But the interface debonding has insignificant effect on the shear as well as on any other kind of load carrying ability of a composite except for the transverse tension, as seen in the subsequent section.
Failure prediction with a debonded interface 8.1 Transverse tensile SCF of the matrix after interface crack
All of the SCFs presented in the preceding section are based on an assumption that the fiber and matrix interface has a perfect bonding up to a composite failure. In other words, the point-wise displacements and the point-wise stresses of the fiber and matrix on their common boundary are continuous. In most cases, an interface debonding or crack can occur before an ultimate failure of the composite. However, Table 4 suggests that only the transverse tensile load sustaining ability of the composite is influenced heavily by the interface crack or debonding. The transverse tensile SCF of the matrix after the interface crack ( Figure 4 ) must be taken into account in a failure prediction, in general. This SCF has been derived in Ref. [11] , which is summarized below.
1)
Nz ðÞ¼Fz þ a 2 k z À z À ae iψ ÀÁ 0:5þiλ z À ae Àiψ ÀÁ 0:5Àiλ F À 0:5 ðÞ À D a 2 z ! , (22.2)
4)
Mz ðÞ¼F À a 2 k z 2 À F À 0:5
6)
H ¼ a cos ψ þ 2λ sin ψ ðÞ 0:5 À F ðÞ , (22.7)
C ¼ k À 1 ðÞ cos ψ À 2λ sin ψ ðÞ a 2 exp 2λψÀ π ðÞ ½ , (22.8)
χ z ðÞ¼ z À ae iψ ÀÁ À0:5þiλ z À ae Àiψ ÀÁ À0:5Àiλ , (22.10)
In the above, ψ is the half of the crack angle, which is determined from [42] .
(23.4) If ξ = 1, no solution for ψ is obtainable from Eq. (23) . The corresponding interface crack is called a singular crack. But one can always adjust the fiber or the matrix properties involved so that ξ 6 ¼ 1, since experimental deviations exist in measurement of them.
Interface crack detection
Let a UD composite be subjected to a transverse tension, σ 0 22 , up to an ultimate failure. The measured transverse tensile strength of the composite is Y. Suppose that the fiber/matrix interface of the composite is initially bonded perfectly. When the load is increased to a critical level, e.g.,σ 0 22 , a stable crack with a central angle of 2ψ occurs on the interface. Many reports have pointed out that an unstable propagation from an initial interface crack to the last stable angle is short [42, 49, 50] , with no significant change in the applied load. Thus, we can safely assume that at a transverse load level smaller thanσ 0 22 the interface is in perfect bonding. From Eq. (8.4), the transverse stress in the matrix when the crack occurs readŝ Further, the longitudinal stress of the matrix at the critical load level is obtained from Eq. (8.2) asσ
No other stress in the matrix exists. Supposing that the transverse matrix stress corresponding to the composite failure is denoted by σ m 22 , one has. 
If it is equal to or greater than the transverse tensile strength, Y, the fiber and matrix system is said to have a perfect interface bonding up to failure. Otherwise, the system will undergo an earlier interface crack and a further interface modification is preferred.
Under any arbitrary load condition, an interface crack occurs in the composite if and only if 
is the critical Mises stress. σ m e ÀÁ l and σ 1 m ÀÁ l are the Mises and the first principal stresses of the matrix obtained from the current load-step true stresses. For instance, when a planar load is applied to the composite, the current Mises true stress is given by calculated from Eqs. (22) and (23) . The critical transverse and Mises stresses are also obtained from Eqs. (26) and (28), respectively. They are summarized in Table 5 . It is seen that the half crack angles of the carbon and glass fiber matrix interfaces under a transverse tension are close to 70°, consistent with the measured result shown in Figure 4b . Comparing the resultingσ 0 22 with the corresponding measured transverse tensile strengths, one can see that four composites, i.e., AS4/ 3501-6, IM7/8551-7, S2-Glass/Epoxy, and G40-800/5260 systems, have or nearly have a perfect interface bonding up to failure. The remaining five composites will undergo an interface debonding early before failure. There are two composite systems, S2-Glass/Epoxy and G40-800/5260, having a more than enough interface bonding strength, implying that more than enough efforts might have been paid.
Off-axial strength prediction
A composite strength is assumed if either a fiber or a matrix failure is attained. A matrix failure is detected through, e.g., Tsai-Wu's criterion (as isotropic materials are a subset of anisotropic composites), whereas a fiber failure is assessed by the generalized maximum normal stress failure criteria [16] , through the following expressions: Two UD composites, Kevlar-49/epoxy and E-glass/8804 epoxy systems, were subjected to off-axial tensile load up to failure. Constituent properties and transverse tensile strengths of the two composites as well as fiber volume fractions were provided in Ref. [51, 52] and cited in Table 6 . From them, the SCFs of the matrices and the critical Mises stresses can be calculated and are also shown in the table. The predicted off-axial strengths of the Kevlar-49/epoxy and E-glass/8804 composites Table 6 . Constituent properties and resulting matrix parameters of two UD composites [51, 52] .
are plotted in Figures 5 and 6 , respectively. The SCFs in the Kevlar fiber system with a perfect interface bonding are close to 1, because the transverse modulus of the Kevlar fiber is comparable to that of the matrix. Nevertheless, the transverse tensile SCF of the matrix in the Kevlar fiber system after the interface crack is still significantly higher than that with the perfect interface bonding. Both of the critical transverse loads of the composites,σ 0 22 = 1.2 MPa for the Kevlar andσ 0 22 = 42.4 MPa for the glass composites, are smaller than the corresponding transverse tensile strengths, 27.7 and 45.3 MPa, respectively, and the two composites will undergo an interface crack. However, the Kevlar fiber system will crack much earlier than the E-glass fiber system does when subjected to a transverse tensile load.
Given an off-axial tensile load increment, dσ θ , where θ is the off-axial angle, the stress increments {dσ 0 11 , dσ 0 22 , dσ 0 12 } are obtained through a coordinate transformation, and the interface cracking load,σ 0 θ , can be determined through Eq. (27) . Consider the Kevlar fiber composite, for instance, and take θ = 30°. The homogenized stresses of the matrix are obtained from Eqs. (8.2), (8.4) , and (8.6) as σ m 11 ¼ 0:115σ θ , σ m 22 ¼ 0:234σ θ , and σ m 12 ¼À0:32σ θ , whereas the true stresses before the interface crack are σ m 11 =0:115σ θ , σ m 22 ¼ 0:253σ θ , and σ m 12 ¼À0:374σ θ . Hence, the interface cracking loadσ 0 30 0 = 1.11/0.684 = 1.623 MPa. After the interface crack, only the transverse tensile stress increment of the matrix will be amplified with a different SCF. The true stresses of the matrix in the Kevlar fiber composite with θ = 30°and after the interface crack are given by σ m 11 = 0.115σ θ , σ m 22 = 0.41 + 0.641(σ θ À 1.623), and σ m 12 ¼À0:374σ θ . As the matrix failure occurs first, the predicted ultimate off-axial tensile strength from Eq. (32) is σ u, t 30 0 = 80.5 MPa, very close to the measured one, 83.4 MPa [53] .
The measured data for the Kevlar and the glass composites taken from Pindera et al. [53] and Mayes et al. [52] are also shown on Figures 5 and 6 , respectively. In order to display the predicted results at most off-axial angles more clearly, the predictions at angles smaller than 10°are not included in the figures. Three kinds of predictions have been made. One is with a perfect interface bonding assumption, another without any SCF of the matrix considered, and the third is incorporated with an interface crack. As expected, the predictions without any SCF are far away from the experiments at most off-axial angles, whereas those with the interface Figure 5 . [53] for off-axial tensile strengths of a Kevlar-49/epoxy UD composite. crack incorporated agree the best with the measured data. The perfect bonding assumption for both of the composites results in the predictions lied in between the other two kinds of predictions. Whereas the perfect bonding assumption up to a composite failure for the E-glass fiber system is good enough (Figure 6) , the same assumption for the Kevlar fiber system generates significant prediction errors in general ( Figure 5) . This is because the E-glass fiber system under consideration has a critical transverse load (42.4 MPa) quite close to the transverse tensile strength, 45.3 MPa. On the other hand, the Kevlar fiber system can only sustain a transverse tensile load up to 1.2 MPa before an interface crack, which is very small compared to the transverse tensile strength, 27.7 MPa. This is consistent with a common observation that a Kevlar fiber-reinforced polymer matrix composite generally undergoes a much earlier interface debonding before an ultimate failure.
Comparison of different schemes' predictions with experiments
It is noticed that the three kinds of predictions arrive at the same longitudinal strength for each composite, i.e., 1137 MPa for the Kevlar fiber and 852 MPa for the E-glass fiber composites. Both of them correlate well with the experimental data, i.e., 1142 MPa for the Kevlar composite [53] and 817.5 MPa for the glass composite [52] . However, both of them have already undergone an interface crack (σ 0 0 0 = 22.3 MPa for the Kevlar and 725.4 MPa for the glass composites) before the longitudinal strength is attained. Both of the examples confirm that only a transverse tensile load carrying capacity is influenced by an interface crack.
Conclusion
Micromechanical failure and strength prediction of a UD composite is systematically described in this chapter. The internal stresses in the fiber and matrix must be calculated at first. Although various methods are available for this purpose, a thorough compassion study has shown that Bridging Model is the most potential owing to its simplicity with closed-form formulae, high accuracy, and the unique feature of consistency in the internal stress calculation. These stresses are homogenized quantities. They must be converted into true values before being used for a failure assessment against the original strength data of the fiber and matrix. Otherwise, a predicted strength of the composite may be far away from the experiment. The difference in the overall prediction accuracies between use of the homogenized Figure 6 . Comparison of different schemes' predictions with experiments [53] for off-axial tensile strengths of an E-glass/ 8804 UD composite. and the true stresses can be as large as more than five times. As the homogenized and the true stresses in the fiber are the same, the true stress determination for the matrix becomes essential. It has been demonstrated in the chapter that the true stresses of the matrix under any load condition are obtained by multiplying its homogenized counterparts with SCFs of the matrix in the composites. Such an SCF cannot be determined following a classical way. Instead, it must be defined as a lineaveraged stress divided by a volume-averaged quantity. All of the SCFs subjected to various kinds of loading and with a perfect interface bonding have been presented in the chapter. It is known that an interface debonding only has a significant influence on the transverse tensile load carrying ability, and the transverse tensile SCF of the matrix after the interface debonding has also been obtained. The theory is equally well applicable to the failure and strength prediction of any other continuous fiber-reinforced composite, once it is subdivided into a combination of UD composites. 
model, i.e., a two-phase CCA model, through σ i fg ¼Ã ij σ :
(A.44)
The self-consistent model is implicit, and an iteration has to be carried out to determine the five effective elastic moduli, E 11 , E 22 , G 12 , ν 12 ,andν 23 , of the composite. , correlating the stresses of the composite with those of the fiber is no longer obtained on a twophase CCA model but on a three-phase CCA one shown in Figure A. 1. In the latter case, however, generally non-explicit expressions exist for the bridging tensor ele-mentsÃ ij . Solution for the resulting linear algebraic equations is necessary [54] . As pointed out in Ref.
A.9 Generalized self-consistent model
[54], a three-phase CCA model ( Figure A.1) can be sufficiently well approximated with two step two-phase CCA ones. In the first step, the fiber and matrix phase constitutes a UD composite, whose effective elastic moduli, E no
A.10 Double inclusion method (DIM)
This method [4] has been incorporated into a commercial software, Digimat [40] , for composites. As any prediction by this method is performed with Digimat, the formulae of the method are omitted. Table B1 . Mechanical properties of the fibers and matrices of the nine UD composites used in WWFEs [25] [26] [27] . Table B4 .
Appendix B. Mechanical property data tables
The coefficients λ i 's for the nine composites by different models.
